Sequence comparison of the medaka, Oryzias latipes, major histocompatibility complex (MHC) class I region between two inbred strains, the HNI (derived from the Northern Population) and the Hd-rR (from the Southern Population), revealed a ;100 kb highly divergent segment encompassing two MHC class IA genes, Orla-UAA and Orla-UBA, and two immunoproteasome beta subunit genes, PSMB8 and PSMB10. To elucidate the genetic diversity of this region, we analyzed polymorphisms of the PSMB8 and PSMB10 genes using wild populations of medaka from three genetically different groups: the Northern Population, the Southern Population, and the China-West Korean Population. A total of 1,245 specimens from 10 localities were analyzed, and all the PSMB8 and PSMB10 alleles were classified into the N (fixed in the HNI strain) or the d (fixed in the Hd-rR strain) lineage. Polymerase chain reaction analysis of the region from PSMB8 to PSMB10 indicated that the two allelic lineages of these genes are segregating together constituting dichotomous haplotypic lineages. Both haplotypic lineages were identified in all three groups, although the frequency of d haplotypic lineage (73-100%) was much higher than that of N haplotypic lineage (0-27%) in all analyzed populations. The two allelic lineages of the PSMB8 gene showed curious substitutions at the 31st and 53rd residues of the mature peptide, which are likely involved in formation of the S1 pocket, suggesting that these alleles have a functional difference in cleavage specificity. These results indicate that the two medaka MHC haplotypic lineages encompassing the PSMB8 and PSMB10 genes are maintained in wild populations by a balancing selection.
Introduction
The human major histocompatibility complex (MHC) is the most gene-dense region of the genome, harboring genes essential for immune responses, and it is characterized by a high degree of polymorphism (Consortium 1999) . In addition to the MHC class IA and IIA/B molecules that present antigen peptides to T cells, the molecules directly involved in MHC class I antigen processing/presentation, immunoproteasome beta subunits (PSMB8 and PSMB9), TAP transporter (ABCB2 and ABCB3), and TAP binding protein (TAPBP), are also encoded in the human MHC. In the MHC class I antigen presentation pathway, immunoproteasomes proteolytically degrade endogenous proteins with specific residues at the C terminus, and the resultant peptides are transported into the endoplasmic reticulum (ER) lumen by TAP transporter and are trimmed from the N terminus into 8-10 residue peptides by ERAAP (ER aminopeptidase associated with antigen processing) before binding to the MHC class I molecules (Rock and Goldberg 1999; Blanchard and Shastri 2008) . Thus, the immunoproteasomes are believed to be responsible for determination of the C terminus of the antigenic peptides presented by MHC class I molecules (Rock et al. 2004) . Of seven alpha and seven beta subunits of the 20S proteasome, only three beta subunits have proteolytic activity. These active beta subunits of a constitutive proteasome are PSMB5 (X), PSMB6 (Y), and PSMB7 (Z), with chymotrypsin-like, caspase-like, and trypsin-like peptidase activities, respectively. They are replaced by IFN-c inducible beta subunits, PSMB8 (LMP7), PSMB9 (LMP2), and PSMB10 (MECL-1), respectively, forming an immunoproteasome (Tanaka and Kasahara 1998) . These changes in subunit composition are believed to increase chymotrypsin-like activity to generate peptides with hydrophobic C-terminal residues suitable for binding into the clefts of MHC class I molecules (Rock et al. 2004) .
Comparative studies on the gene organization of the jawed vertebrate MHC indicated that the linkage among the MHC class I, II, and III genes has been maintained throughout jawed vertebrate evolution, from cartilaginous fish to mammals (Nonaka et al. 1997; Kaufman et al. 1999; Ohta et al. 2000; Terado et al. 2003) . However, the teleosts are unique in that the orthologs of the human MHC-encoded genes are spread over several chromosomes (Bingulac-Popovic et al. 1997; Naruse et al. 2000) . Nevertheless, the MHC class IA genes and the genes directly involved in antigen processing/presentation, ABCB3, PSMB8, PSMB9-like, PSMB9, PSMB10, and TAPBP, are tightly linked, defining the teleost MHC class I region (Michalova et al. 2000; Clark et al. 2001; Matsuo et al. 2002; Shiina et al. 2005; Tsukamoto et al. 2005; Lukacs et al. 2007) . Tight linkage among functionally related genes may be advantageous for coregulation or coevolution of these genes (Kaufman 1999; Kelley et al. 2005) . Thus, the teleost MHC class I region is an intriguing model to understand evolution of the genomic organization of the vertebrate MHC.
The medaka, Oryzias latipes, is a freshwater bony fish inhabiting China, Korea, and Japan. The wild populations of medaka consist of four genetically divergent groups, the China-West Korean Population (CWKP), the East Korean Population (EKP), the Northern Population (NP) (distributed through the Sea of Japan coast of eastern Japan), and the Southern Population (SP) (distributed through the Pacific coast of eastern Japan and western Japan) (Sakaizumi et al. 1983; Sakaizumi 1986; Takehana et al. 2003 Takehana et al. , 2004 . Comparison of nucleotide sequences of the MHC class I region of two inbred strains, HNI (derived from the NP) and Hd-rR (derived from the SP), revealed the presence of a highly diverged core region of ;100 kb harboring the two MHC class IA genes, Orla-UAA and Orla-UBA, and the two immunoproteasome beta subunit genes, PSMB8 and PSMB10 (Tsukamoto et al. 2005) . The allelic divergence of the PSMB8 and PSMB10 genes between these two strains is high, and the nucleotide identities of the coding regions were only 80.3% and 92.0%, respectively. Because the average nucleotide sequence divergence (single nucleotide polymorphisms) between these strains was about 3.4% (Kasahara et al. 2007) , the overall allelic divergence, especially PSMB8, was notable. Moreover, there were no gap-free segments of more than 50% identity in most intron regions. To clarify whether the divergence of PSMB8 and PSMB10 between the HNI and HdrR strains reflects the difference between the NP and SP and whether there are additional highly divergent alleles in the wild populations, we analyzed polymorphisms of PSMB10 and PSMB8 genes using 1,245 samples collected from ten localities representing the three genetically divergent CWKP, NP, and SP.
Materials and Methods Animals
Wild individuals of medaka, O. latipes, were collected from 10 localities; three localities (Nos. 1-3) representing the NP, six (Nos. 4-9) representing SP, and one (No. 10) representing CWKP ( fig. 1 ). The collection sites and the number of specimens (N) analyzed for each locality were as follows: #1: Mutsu (Aomori Prefecture, Japan, N 5 94, NP), #2: Niigata (Niigata Prefecture, Japan, N 5 220, NP), #3: Noto (Ishikawa Prefecture, Japan, N 5 96, NP), #4: Maesawa (Iwate Prefecture, Japan, N 5 176, SP), #5: Mito (Ibaraki Prefecture, Japan, N 5 177, SP), #6: Nagareyama (Chiba Prefecture, Japan, N 5 122, SP), #7: Ohbu (Aichi Prefecture, Japan, N 5 95, SP), #8: Ono (Hyogo Prefecture, Japan, N 5 95, SP), #9: Onga (Fukuoka Prefecture, Japan, N 5 55, SP), and #10: Gunsan (Jeollabuk-do, South Korea, N 5 115, CWKP). Because wild populations classified as the EKP are distributed near the collection site of the Gunsan population (Takehana et al. 2004) , phylogenetic analysis was performed using the mitochondrial cytochrome b gene based on Takehana et al. (2004) , and the Gunsan population was confirmed as the CWKP (data not shown).
Genomic DNA Extraction
Genomic DNA was extracted from tail fin using Puregene Genomic DNA Purification Kit (Gentra Systems, Minneapolis, MN) according to the manufacture's instructions, and was finally dissolved in 30-50 ll Tris-EDTA buffer (10 mM Tris, 1 mM EDTA).
Polymerase Chain Reaction (PCR) Amplification, Allele Typing, and Sequencing of the PSMB8 and PSMB10 Genes The PSMB8 gene was amplified using genomic DNA as templates with a primer set that was designed at the conserved coding sequence between the HNI and Hd-rR strains. The forward primer (PSMB8.E1F) was 5#-ACN GACCAAACCACTNCAGCTTTGG-3# at the first coding exon, and the reverse primer (PSMB8.E6R) was 5#-CNTTNCACACCTTTATCCAGCCATC-3# at the sixth (last) coding exon of PSMB8 ( fig. 2 ). The PCR reaction was performed by denaturation at 98°C for 30 s, 32 cycles of denaturation at 98°C for 10 s, annealing and elongation at 68°C for 6 min 30 s, and final elongation at 72°C for 5 min with LA-Taq (Takara Bio Inc., Shiga, Japan). There are three PSMB8 loci in medaka MHC class I region: One is active gene, the others are pseudogenes lacking some exons. The active gene locus was designated as PSMB8-A, and two pseudogene loci were designated as PSMB8-B and PSMB8-C, respectively (Matsuo et al. 2002; Tsukamoto et al. 2005) . In this paper, active PSMB8-A is designed as PSMB8 for simplicity.
The PSMB10 gene was amplified using genomic DNA as templates with a primer set that was designed at the conserved coding sequence between the HNI and Hd-rR strains. The forward primer (PSMB10.E1F) was 5#-ATGGCGCTATCAAATGTCCTCGACA-3# at the first coding exon of PSMB10 and the reverse primer (PSMB8.E2R) was 5#-CAGNTGAAGCTCTGGAGTC-CACAGC-3# at the second coding exon of PSMB8 ( fig.  2 ). The PCR reaction was performed by denaturation at 98°C for 30 s, 25 cycles of denaturation at 98°C for 10 s, annealing and elongation at 64°C for 8 min, and final elongation at 72°C for 5 min with LA-Taq (Takara Bio Inc). PCR products were separated on 0.8% agarose gels. Several PCR products with distinct sizes were detected in each wild population. For each band size, one PCR product was selected for sequencing. The PCR products were sequenced directly or after cloning into TOPO TA Cloning Kit pCR 2.1-TOPO Vector or TOPO XL PCR Cloning kit pCR-XL-TOPO Vector (Invitrogen, Carlsbad, CA). Sequencing reaction was performed with BigDye Terminator v3.1 Sequencing Standard kit (Applied Biosystems, Foster City, CA), and nucleotide sequences were determined by 3100/3130xl Genetic Analyzer (Applied Biosystems). To prove the physical link between the PSMB8 and PSMB10 lineages by genomic PCR, the fragment containing the intergenic region between PSMB10 and PSMB8 was PCRamplified using lineage-specific primers located where the N and d lineages diverge. The forward primer was designed at the eighth (last) coding exon of the PSMB10 gene, and the reverse primer was designed at the first coding exon of the PSMB8 gene ( fig. 2 ). Primer sequences for each lineage were as follows: for N haplotypic lineage, forward primer (PSMB10N.E8F) 5#-TGACAAAGAAAATAACT-CCTTTAAAGA-3# and reverse primer (PSMB8N.E1R) 5#-CCAGACTGTTCAGAGTAATTCTTCA-3#, for d haplotypic lineage, forward primer (PSMB10d.E8F) 5#-GA-CAAAGAAAGTAGTCCCTTTAAAAC-3# and reverse primer (PSMB8d.E1R) 5#-CAAAATGCTCAGAGGCG-GACTGAC-3# or forward primer (PSMB10d.E8F2) 5#-ACAAAGAAAGTAGTCCCTCTAAAGC-3# and reverse primer (PSMB8d.E1R2) 5#-GTAAAGCTGTCCA-TAAACTGATCGAT-3#. The PCR reaction was denaturation at 94°C for 1 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 64°C for 30 s, and elongation at 72°C for 2 min, and final elongation at 72°C for 3 min with ExTaq (Takara Bio Inc). Nucleotide sequence data reported in this paper have been submitted to the DNA Data Bank of Japan and assigned the accession numbers AB449609-AB449653.
Sequence Alignment and Phylogenetic Analysis
The deduced amino acid sequences of mature peptides of PSMB8 or PSMB10 were aligned using ClustalX 2.0 (Larkin et al. 2007) with the Gonnet series in protein weight matrices. Based on the alignments, the phylogenetic trees were constructed using the Neighbor-Joining method (Saitou and Nei 1987) by PAUP*4.0b10 (Swofford 2000) , and bootstrap possibilities were determined with 1,000 bootstrap trials.
Sequence Comparison among Haplotypes
Nucleotide sequences of haplotypes were compared using the PipMaker (http://bio.cse.psu.edu/) (Schwartz et al. 2000) . Total length of the aligned sequences and their nucleotide sequence identity among haplotypes were calculated by summing up the aligned gap-free segments. Percent identities of protein-coding regions were computed using the homology search program of GENETYX-MAC Version 11.1.0 (Genetyx Corporation, Tokyo, Japan).
Results

Identification of PSMB8 and PSMB10 Alleles in Wild Populations
To amplify the PSMB8 gene, we designed the primers at the first and the last (sixth) coding exons (PSMB8.E1F and PSMB8.E6R in fig. 2 ) where the nucleotide sequence is conserved between the HNI and Hd-rR alleles. Each individual gave either a single band or double bands, likely representing the homozygous and heterozygous state, respectively. Two to seven bands with distinct sizes, ranging from 4.3 to 10.1 kb, were detected in each population (table 1). All bands distinguishable by size in each population were given allele numbers and selected for sequencing, and the nucleotide sequences covering the coding region for the mature peptide were determined. Because one primer was designed at the last coding exon of the PSMB8 gene ( fig. 2 ), the deduced amino acid sequences of the mature peptides lacked the C-terminal 23 amino acid residues. Sequence analysis was mainly performed on homozygous individuals using direct sequencing of the PCR products. For bands with no available homozygous individual, however, sequence analysis used the cloned PCR product after separating double bands of heterozygous individuals on an agarose gel. Forty-five alleles were identified from 10 populations. The sequences of the alleles 18, 28, and 42 could not be determined completely because of the long single nucleotide repeats located in an intron. To clarify the phylogenetic relationship among the PSMB8 alleles, a phylogenetic tree analysis was performed using the deduced amino acid sequences of the mature peptides of 181 residues lacking the C-terminal 23 residues ( fig. 3A ).
FIG. 2.-Gene structures of PSMB10 and PSMB8 genes. The rectangles and lines between the rectangles represent the coding exons and introns/ intergenic region, respectively. The black and white rectangles show coding exons for prosequence and mature peptide, respectively. A number in the rectangle is the length in nucleotide residues of the coding exon. The arrows indicate the positions and orientations of the primers used for amplification of the PSMB10 (PSMB10.E1F and PSMB8.E2R) and the PSMB8 (PSMB8.E1F and PSMB8.E6R) genes and the intergenic region (specific for N lineage; PSMB10N.E8F and PSMB8N.E1R and specific for d lineage; PSMB10d.E8F and PSMB8d.E1R or PSMB10d.E8F2 and PSMB8d.E1R2). The primer names are shown above or below the arrows. This figure is not drawn to scale.
When the puffer fish PSMB8s were used as an outgroup, these medaka alleles divided into two clades supported with the highest bootstrap value. We designated these two clades as the PSMB8N lineage (PSMB8 fixed in the HNI strain) and the PSMB8d lineage (PSMB8 fixed in the Hd-rR strain). As summarized in table 1, deduced amino acid sequence identities within each lineage were 97.8-100%, whereas those between lineages were 86.2% to 88.4%. These results indicate that all alleles found in wild populations are either of the PSMB8N or PSMB8d lineages and that except for the Mito and Ono populations, all other populations possessed both lineages. The coding sequence excluding the prosequence of the allele was compared with that of PSMB8 fixed in the HNI and Hd-rR strains. The higher percent identities are shown in bold.
NP: the Northern Population, SP: the Southern Population and CWKP: the China-West Korean Population. a Comparison with the PSMB8 coding sequence fixed in the HNI strain. b Comparison with the PSMB8 coding sequence fixed in the Hd-rR strain. c Number of matched nucleotide residues/number of total nucleotide residues compared are showed in parentheses. d Number of matched amino acid residues/number of total amino acid residues compared are showed in parentheses. e Nucleotide sequence could not be completely determined because of the presence of long single nucleotide repeats in an intron.
The PSMB10 gene also showed a high degree of allelic divergence between HNI and Hd-rR, and PSMB10 alleles of the wild populations were analyzed as for the PSMB8 gene. The PSMB10 gene is located upstream of the PSMB8 gene with the same transcriptional orientation. PCR primers were designed at the first coding exon of the PSMB10 gene and at the second coding exon of the PSMB8 gene (PSMB10.E1F and PSMB8.E2R in fig. 2 ). Several bands of different size were detected in each population, similar to the PSMB8 gene. In each individual, a given PSMB10 band corresponded to the appropriate PSMB8 band without exception. All individuals analyzed for PSMB8 were also analyzed for PSMB10. For heterozygous individuals, the analyzed bands were selected based on coexistence with the analyzed PSMB8 bands. Their nucleotide sequences covering the complete coding sequences of mature peptides were determined. Upon phylogenetic tree analysis using deduced amino acid sequences of mature peptides of 234 residues, the PSMB10 alleles formed two clusters supported by 100% and 99% bootstrap values ( fig. 3B) . Following the nomenclature of the allelic lineages of the PSMB8 gene, the allelic lineages of the PSMB10 gene were named the FIG. 3.-Phylogenetic trees of PSMB8 and PSMB10. The deduced amino acid sequences of mature peptides were aligned by ClustalX 2.0, and phylogenetic tree was constructed by the Neighbor-Joining method. The numbers on each branch represent bootstrap probabilities (.50%) based on 1,000 bootstrap trials. Accession numbers of the sequences are in tables 1 and 2. (A) Phylogenetic tree of the PSMB8 genes based on mature peptides of 181 amino acid residues. The number in parentheses corresponds to that in table 1. Because there are identical sequences, only alleles shown by sharps are used for alignment in figure 4A . The sequences of TaruPSMB8 (Takifugu ruburipes, accession no. CAC13117) and TeniPSMB8 (Tetraodon nigroviridis, accession no. CAG11683) were used as outgroup. (B) Phylogenetic tree of the PSMB10 genes based on mature amino acid sequences of 234 amino acid residues. The number in parentheses corresponds to that in table 2. Because there are identical sequences, only alleles shown by sharps are used for alignment in figure 4B . The sequences of TaruPSMB10 (T. ruburipes, accession no. CAC13118) and TeniPSMB10 (T. nigroviridis, accession no. CAG11682) were used as outgroup.
PSMB10N lineage (PSMB10 fixed in the HNI strain) and the PSMB10d lineage (PSMB10 fixed in the Hd-rR strain). The characteristics of the PSMB10 alleles are summarized in table 2. The phylogenetic trees of the PSMB8 and PSMB10 genes indicated that the two lineages are present in the NP, SP, and CWKP ( fig. 3A and B) , suggesting that the two lineages of the PSMB8 and PSMB10 genes were established before divergence of the four groups of O. latipes.
The deduced amino acid sequences of the mature peptides of the PSMB8 alleles were aligned by ClustalX ( fig. 4A ). Some alleles had identical amino acid sequences, and 13 amino acid sequences were identified from 45 alleles as shown figure 3A . Amino acid substitutions between the PSMB8N and PSMB8d lineages were distributed throughout the peptide sequence. Substitutions at the 31st and 53rd positions, Val or Ala and Gln in the PSMB8d lineage and Tyr and Lys in the PSMB8N lineage, are of special interest, because these residues may be involved in the S1 pocket formation (Groll et al. 1997; Unno et al. 2002) and thus, in cleavage specificity. Therefore, it is conceivable that PSMB8 peptides encoded by the d and N alleles have a functional difference in cleavage specificity. For PSMB10, 15 amino acid sequences were deduced from the 45 alleles ( fig.  4B) . Substitutions between the PSMB10d and PSMB10N lineage were located in the C terminus starting from the middle of exon 6. The residues involved in S1 pocket formation (Groll et al. 1997; Unno et al. 2002) were identical in all alleles. It is unlikely that PSMB10 encoded by the d and N alleles has different cleavage specificities.
Dichotomous Haplotypes Encompassing the PSMB8 and PSMB10 Genes As shown in figure 3A and B, the PSMB8N lineage allele was always detected with the PSMB10N lineage allele, and the PSMB8d lineage allele was always detected with the PSMB10dlineageallele.All individuals withboththePSMB8N andPSMB8dalleles alsohadboththePSMB10NandPSMB10d alleles. The physical linkage between the PSMB8 and PSMB10 lineages in heterozygous individuals was tested by genomic PCR using lineage-specific primers located at the PSMB10 and PSMB8 genes. Without exception, a PCR band was detected only when both primers were specific for N or d lineages, and no band was detected when one primer was specific for N lineage and the other was specific for d lineage (data not shown). These results confirm that the two allelic lineages of the PSMB8 and PSMB10 genes behave as haplotypic lineages.
Nucleotide sequences of haplotypes containing PSMB10, intergenic region, and PSMB8 were composed of the PSMB10 and PSMB8 sequences that overlap at exons 1-2 of PSMB8 ( fig. 2) . The resultant haplotype sequences, ranging from 8.2 to 15.8 kb, were given haplotype numbers identical with allele numbers of PSMB10 and PSMB8 (table 3) . Nucleotide sequence comparison by The coding sequence excluding the prosequence of the allele was compared with that of PSMB10 fixed in the HNI and Hd-rR strains. The higher percent identities are shown in bold.
NP: the Northern Population, SP: the Southern Population, and CWKP: the China-West Korean Population. a Comparison with that of the PSMB10 coding sequence fixed in the HNI strain. b Comparison with that of the PSMB10 coding sequence fixed in the Hd-rR strain. c Number of matched nucleotide residues/number of total nucleotide residues compared are showed in parentheses. d Number of matched amino acid residues/number of total amino acid residues compared are showed in parentheses.
PipMaker was performed with all possible combinations of haplotypes. The sequences of haplotypes 18, 28, and 42 were not completely determined and were excluded from this comparison. Gap-free nucleotide percent identities and lengths of the aligned segments are summarized in table 3. Clustering of the N haplotypes was obvious, because nucleotide identities among the N haplotypes were 96-99%, whereas those between the N and d haplotypes were 80-84%. In contrast, the d haplotypes varied from 85% to 99%. There were two sublineages in the d lineage as shown by thin line rectangles in table 3, and nucleotide sequence identities within each sublineages were 93-99%, whereas those between two sublineages were 85-86%. Because one sublineage had Val at the 31st position of mature PSMB8 peptide and the other had Ala ( fig. 4A ), these haplotypic sublineages were termed as d(V) and d(A) sublineages.
To visualize the nucleotide sequence diversity between the haplotypic lineages, a d haplotype (Hap. 3) and an N haplotype (Hap. 7) of the Niigata population were compared by PipMaker (http://bio.cse.psu.edu). By the dot plot analysis ( fig. 5A ), diagonal lines were observed in all exon regions shown by shading, indicating that the exons were conserved between the two haplotypic lineages. In contrast, diagonal lines were missing from most intron regions, except for introns 1, 2, 3, and 5 of the PSMB10 gene. For the region between PSMB10 and PSMB8, a diagonal line (;330 bp) was upstream of exon 1 of the PSMB8 gene, likely corresponding to the promoter region of this gene. The percent identity plot ( fig. 5B ) indicated that exons 1, 2, 3, 4, and 5 of the PSMB10 gene had a high identity (97-100%), whereas exons 6, 7, and 8 of the PSMB10 gene and all exons of the PSMB8 gene had lower identity (73-93%). These results and the fact that amino acid substitutions between PSMB10d and PSMB10N were found in the C terminus starting from the middle of exon 6 ( fig. 4B ) indicate that the diverged region between these haplotypic lineages encompasses the 3# half of the PSMB10 gene, starting from exon 6, and the entire PSMB8 gene. Figure 6 shows the dot plot and percent identity plot analyses between two haplotypes (Hap. 3 vs. Hap. 6) found in the Niigata population, which belong to d(V) and d(A) sublineages. The exon regions were conserved, although most introns and the intergenic region were poorly conserved. Diagonal lines were observed with some interruptions at intron 4 of PSMB10, the intergenic region, and introns 2 and 4 of PSMB8, indicating high sequence divergence in the intron and intergenic regions between these two sublineages.
Frequencies of Two Haplotypes in Wild Populations
Frequencies of the N and d haplotypes in each population are summarized in table 4. The frequency of d haplotype (73.2-100%) was higher than that of N haplotype (0-26.8%) in all analyzed populations. Because only one N haplotype was detected in the Nagareyama and Ohbu populations, it is not clear if the N haplotype is missing in the Mito and Ono populations or is present at a low frequency.
Discussion
The Origin and Maintenance of the Dichotomous Haplotypic Lineages
We demonstrated here that PSMB8 and PSMB10 alleles detected in wild populations of medaka, O. latipes, could be classified into either N or d lineages ( fig. 3A and B) , defining the dichotomous haplotypic lineages. The dimorphic lineages were conserved in the three genetically distinctive groups of O. latipes; the NP, SP, and CWKP. Because the divergence time between the CWKP and the NP/SP was estimated to be 5.4-6.0 million years ago (Ma) (Takehana et al. 2003 (Takehana et al. , 2004 , these dichotomous haplotypic lineages have been retained for several million years. Moreover, our recent analysis of several Oryzias species (Miura F. and M. Nonaka unpublished data) showed the same dimorphism of the PSMB8 gene in species estimated to have diverged from O. latipes more than 29 Ma (Takehana et al. 2005) . Thus, these dichotomous haplotypic lineages have been retained for at least 29 My, being transferred from an ancestral species to a descendant species. It is not clear how these highly diverged lineages were established. However, the mechanism for maintaining the dichotomous haplotypic lineages seems to be suppression of recombination by too much sequence divergence between the lineages. Possible Functional Differences between the Two Lineages of the PSMB8 Gene Immunoproteasomes are believed to be responsible for determining of the C terminus residue of the antigenic peptides to be presented by the MHC class I molecules, and PSMB8, PSMB9, and PSMB10 are the proteolytically active subunits of immunoproteasome. The PSMB8d and PSMB8N allelic lineages could encode the PSMB8 molecules with different cleavage specificities, because substitutions were observed at residues 31 and 53, which may be involved in S1 pocket formation (Groll et al. 1997; Unno et al. 2002) . At residue 31, the PSMB8N lineage has Tyr with a bulky aromatic side chain, whereas the PSMB8d lineage has Val/Ala with a smaller, hydrophobic side chain ( fig. 4A) . Moreover, Gln53 of the PSMB8d lineage is substituted for Lys with a positively charged side chain in the PSMB8N lineage. Thus, PSMB8d may be more suitable for the chymotrypsin-like activity postulated for mammalian PSMB8, whose S1 pockets are mainly composed of hydrophobic residues (Unno et al. 2002; Murata et al. 2007) , than PSMB8N. The C-terminal anchor residues of the peptides eluted from MHC class I molecules are mainly hydrophobic in mice and humans (Rammensee et al. 1995) , which is probably produced by PSMB8 with chymotrypsinlike activity. It is conceivable, therefore, that PSMB8d is more suitable than PSMB8N for antigenic peptide production from most proteins. The long lasting existence of the d and N haplotypic lineages in medaka wild populations as well as other Oryzias species, combined with the possible functional difference between PSMB8d and PSMB8N suggest that these haplotypic lineages are under balancing selection. Because in all analyzed wild medaka populations the frequency of the d haplotype was much higher than that of the N haplotype, it is hypothesized that PSMB8d shows a higher efficiency than PSMB8N to handle most of the pathogens although there are certain pathogens for which PSMB8N is more effective than PSMB8d. If this is the actual case, the form of balancing selection maintaining these two haplotypic lineages is selection varying in space and time (Hedrick 2006 ) rather than overdominance or frequency-dependent selection. On the other hand, the PSMB10N and PSMB10d lineages show no indication for functional differentiation, because all residues involved in the S1 pocket of PSMB10 are perfectly conserved ( fig. 4B) . Thus, the 3# half of the PSMB10 gene, which constitutes a haplotype with the PSMB8 gene, may be just a hitchhiker.
Coevolution among MHC Class IA Genes and Antigen Processing/Presentation Genes The haplotypic lineages containing the MHC class IA genes and some antigen processing/presentation genes have been reported in other vertebrate species. In Xenopus, the MHC class IA, PSMB8, ABCB2, and ABCB3 genes form the two haplotypic lineages, which have been retained for 80-100 My between speices . The rat ABCB3 genes possess two allelic lineages and segregate with MHC class IA, RT1-A, alleles in certain combinations as haplotypes (Joly et al. 1998) . In medaka, we clarified two haplotypic lineages of the PSMB8 and PSMB10 genes. One boundary of these highly diverged haplotypic lineages was located at exon 6 of the PSMB10 gene (figs. 4B and 5). The other boundary is not clear, because two MHC class IA genes, Orla-UAA and Orla-UBA, located at the other side of the PSMB8 gene show polymorphism rather than dimorphism in medaka wild populations, making it difficult to identify haplotypes. Our preliminary analysis of the Orla-UAA gene using seven each d haplotype homozygous and N haplotype homozygous individuals detected 13 different sequences, and upon phylogenetic tree analysis these UAA sequences did not cluster by the linked PSMB8 lineages (Tsukamoto K. and M. Nomaka unpublished data) . This result excludes the possibility that the haplotypic dimorphism of the PSMB8 and PSMB10 genes is driven by the linked Orla-UAA gene.
In the human MHC, the MHC class IA genes are located in the class I region, and the genes involved in class I antigen processing/presentation, ABCB2, ABCB3, PSMB8, PSMB9, and TAPBP, are in the class II region, separated by more than 1 Mb from the class IA genes. Moreover, the PSMB10 gene is located outside of the MHC region. In contrast, the MHC class IA genes are closely linked with their antigen processing/presentation genes, ABCB, PSMB, and TAPBP, in all analyzed nonmammalian jawed vertebrates (Flajnik and Kasahara 2001) , except for chicken and quail whose IFN-c inducible PSMB genes have not been identified Shiina et al. 2004) . It is tempting to speculate, therefore, the causal relationship between the intimate linkage among MHC class IA genes and genes directly involved in MHC class I antigen processing/presentation and the dichotomous haplotypes of the MHC class I antigen processing/presentation genes. Although the polymorphism of the medaka MHC class IA genes is still to be analyzed thoroughly in the wild populations, dichotomous MHC haplotypes appear to be the rule rather than the exception in the nonmammalian jawed vertebrate MHC. Recently, it was reported that MHC class IA loci are closely linked with the PSMB8, PSMB9, ABCB2, and ABCB3 genes in the marsupial MHC class II region (Belov et al. 2006 ) and with PSMB8, ABCB2, and ABCB3 genes in the monotreme MHC class II region (Dohm et al. 2007) , forming a class I/II region. The eutherian MHC is highly deviated in this respect, except for the rodent MHC whose MHC class IA genes are present in not only the class I region but also in extended class II regions near antigen processing/presentation genes (Kelley et al. 2005) . The apparent correlation between the intimate physical linkage among the MHC class IA and its antigen processing/ presentation genes and the dimorphism of the antigen processing/presentation genes implies that the physical linkage guarantees coevolution of these genes. Thus, some mammals that may have lost this linkage secondarily may have also stopped evolution of the MHC class I antigen presentation system.
